Oscillatory exchange coupling in Fe/Au/Fe(100)
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Scanning electron microscopy with polarization analysis was used to investigate the interlayer
exchange coupling in Fe/Au/Fe(100) sandwich structures. The films were epitaxially grown on
single-crystal Fe(100) substrates. Electron diffraction measurements revealed that the Au spacer film
grew with a surface reconstruction consistent with that observed for bulk Au crystals. The exchange
coupling oscillates between primarily ferromagnetic and antiferromagnetic coupling for Au spacer
layers up to 65 layers (13 nm) thick, but a significant biquadratic coupling component was also
observed. The oscillatory coupling exhibited two components with periods of 2.48+0.05 layers
(0.506=0.010 nm) and 8.6+0.3 layers (1.75+0.06 nm). The measured periods are in excellent
agreement with those calculated from spanning vectors of the Au Fermi surface.

I. INTRODUCTION

Magnetic measurements from atomically well-ordered
magnetic multilayer structures are essential in order to make
meaningful evaluations of various models of oscillatory ex-
change coupling. Thickness variations due to deviations from
ideal layer-by-layer growth can obscure important features of
the magnetic coupling. For example, in Fe/Cr/Fe multilayers
it has been shown that a Cr spacer ronghness of only a quar-
ter layer can completely obscure the short, two-layer period,
exchange coupling oscillations.'~

In this work we have investigated the interlayer ex-
change coupling in epitaxially grown Fe/Au/Fe(100) sand-
wich structures. Au(100) rotated by 45° is a very close lateral
match to the Fe(100) surface and should therefore be a pos-
sible candidate for atomically well-ordered growth. In previ-
ous work, where the Fe/Aw/Fe multilayer was deposited on a
Ag(100) substrate, Celinski and Heinrich* did not observe
any well-defined oscillatory behavior of the exchange cou-
pling through the Au(100). Using GaAs(100) substrates to
grow Fe(100) and a wedge-shaped Au spacer layer, Fuss
et al.® observed oscillatory coupling consisting of a long-
period component of 6.9 layers and a weaker short-period
oscillation of about two layers. We have used single-crystal
Fe whisker substrates in out studies and have observed very
well-defined short- and long-period coupling oscillations that
extended over a large Au thickness range.

II. EXPERIMENT

The experimental procedures used to investigate the ex-
change coupling in Fe/Au/Fe have been described in detail
elsewhere.>® Briefly, the chemical composition and the struc-
tural order of the samples were measured using scanning
Auger spectroscopy and reflection high-energy electron dif-
fraction (RHEED), respectively. Scanning electron micros-
copy with polarization analysis (SEMPA) was used to make
in siiu measurements of the sample’s magnetization during
and following film growth. The films were grown on Fe(100)
single-crystal substrates that were cleaned by Ar-ion sputter-
ing followed by 750 °C annealing cycles. Scanning tunneling
microscope images of similar whiskers show high-quality
surfaces with only about one single atomic height step per
square pm.” RHEED patterns from the bare whiskers
showed sharp diffraction spots distributed along Laue arcs as
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expected for a perfect crystal. The Auger spectra established
that contamination levels were below 0.05 monolayers.

In order to measure the Au thickness dependence of the
exchange coupling, wedge-shaped Au spacer layers were
grown by moving a shutter in front of the Fe substrate during
Au deposition. The geometry of the wedge is shown sche-
matically in Fig. 1. The slope of the Au wedge was small,
about 0.001°, which is less than the 0.01° average slope of
the Fe whisker substrate. Au spacer layers were grown at Fe
substrate temperatures between 80 and 100 °C, and at an
evaporation rate of about 8 layers/min. The direction of the
interlayer exchange coupling was determined by measuring
the magnetization of the top Fe film with SEMPA. Fe whis-
ker substrates with the simple two-domain structure shown
in Fig. 1 were used in order to check for and eliminate any
instrumental offsets in the SEMPA measurement.

lll. RESULTS

The crystalline order and thickness of the Au films were
measured using spatially resolved scanning RHEED. Figure
2 shows the specular RHEED intensity as the incident elec-
tron beam was scanned along the wedge and a RHEED pat-
tern from a 10-layer-thick Au film. The RHEED intensity
oscillations were used to determine the Au thickness con-
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FIG. 1. An exploded schematic view of the sample structure showing the
Fe(100) single-crystal whisker substrate, the evaporated Au wedge, and the
Fe overlayer. Arrows in the Fe show the magnetization direction.
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FIG. 2. The specular RHEED intensity as a function of the Au thickness
obtained by scanning the electron beam along the wedge. A RHEED pattern
from a 10-layer-thick film is shown in the inset.

tours along the wedge. For Au films less than three layers
thick, the RHEED patterns were similar to those for clean
Fe, but after three layers the diffraction spots stretched into
sharp streaks and superlattice streaks began to form. The four
extra streaks that appeared between the primary diffraction
beams were characteristic of a fivefold surface reconstruc-
tion. Both (5X1) and (5 ><”0) surface reconstructions have
been observed for bulk Au.® While the presence of streaks in
the diffraction patterns indicates some disorder, the surface
reconstruction suggests that the Au films have bulklike struc-
tural order. In fact the sharpness of the streaks indicates that
the Au grows in patches that are internally well ordered but
slightly misaligned with respect to one another.

The direction of the magnetic coupling was determined
by measuring the magnetization of the top Fe film using
SEMPA. A SEMPA image of a Au wedge coated with five
layers of Fe is shown in Fig. 3. The component of the mag-
netization along the whisker direction is M, and the orthogo-
nal component of the in plane magnetlzdtlon is M, . Oscilla-
tions between ferromagnetic and antx.te.rromagnetlc
“bilinear” coupling are most clearly visible in the M y com-
ponent. The M, component, on the other hand, emphasizes
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FIG. 3. SEMPA images from the five-layer-thick Fe overlayer, showing the
in-planc magnetlzanon components along the wedge, M, , and orthogonal to
the wedge, M,
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the perpendicular “biquadratic” coupling between the Fe
film and substrate. The thickness scale on these images is not
linear, because of a gradual drift in the Au evaporation rate.
This nonlinearity, as well as any other spatial variations in
the Au thickness, was accounted for by using scanning
RHEED images from the same region. The scanning
RHEED images were correlated with the SEMPA images by
aligning topographic features in the RHEED images with the
same features in intensity images that were acquired at the
same time as the magnetization images.

Averaged, linearized line scans of M y taken from the
data in Fig. 3 and from a different Fe/Au/Fe(100) wedge are
shown in Fig. 4. One can see from these data that the peri-
odicity of the coupling is very reproducible, but the ampli-
tude of the oscillations and the thickness at which they even-
tually vanish vary among samples grown under slightly
different conditions.

In order to measure the coupling periods precisely, we
followed a previously described procedure® and modeled the
bilinear coupling J by the sum of two sine waves such that

J=AI Sin(Z’m‘/d1+ ¢1)+A2 Siﬂ(z’ﬁ't/’dz‘*‘ (/)2), (1)

where £ js the Au thickness, and A, d, and ¢ are adjustable
amplitudes, periods, and phases, respectively. To simulate the
SEMPA data, this continuous function was first discretized
with the Au lattice so that each monolayer was assigned a
single coupling strength. The thicknesses at which the cou-
pling switched sign were then determined by taking the
weighted average of the coupling from adjacent layers. Fi-
nally, all positive coupling values were set to the same mag-
netization level and all negative coupling to the equal but
opposite magnetization. Figure 4 shows the results of a cal-
culation that gave the best fit of the model to the data. The
parameter values for this model were A /A,=2.1, d;=2.48
layers, ¢;=0.44, d,~8.60 layers, and ¢,=3.14.

In addition to the bilinear coupling, biquadratic coupling
was also observed in these films. While SEMPA cannot di-
rectly measure the absolute strength of the magnetic cou-
pling, the magnetization direction is roughly proportional to
the ratio of the biquadratic to bilinear coupling.” The M,
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FIG. 4. The results of the model caleulation described in the text are com-
pared with an averaged, linearized line scan of the M, data from Fig. 3 and
from a SEMPA measurement from a different wedge (dottcd line}. For com-
parison, the calculated (bottom) and measured (top) curves are shown both
seperately and overlaid.
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image in Fig. 3 shows that in the thin part of the wedge the
biquadratic coupling is only significant at the transitions be-
tween the ferromagnetic and antiferromagnetic regions. As
the Au thickness increases, the relative strength of the biqua-
dratic coupling also increases, so that for thicknesses greater
than about 20 layers, the biquadratic coupling is always
present, and the coupling oscillations are no longer between
purely ferromagnetic or antiferromagnetic states, but be-
tween some intermediate angles. For thicker Au films the
coupling also tends to break up randomly into islands with
different M, magnetization components but the same M,
component. The formation of these regions is not under-
stood, but the length scales involved suggest that it is related
to the details of the Au growth.

IV. DISCUSSION

Qualitatively, the Au results are similar to SEMPA mea-
surements of the coupling in Fe/Cr/Fe(100) (Ref. 2) and Fe/
Ag/Fe(100) (Ref. 6). In each case, oscillatory coupling was
observed that consisted of two periodic components, and the
oscillations persisted for spacer layers greater than 10 nm
thick. Another common feature of these films grown on Fe
whisker substrates is that the short-period oscillations are
more pronounced and the oscillations extend over a greater
thickness range than in multilayers grown on more conven-
tional substrates. Fe/Au/Fe sandwiches grown on Ag sub-
strates show no oscillatory coupling.* Fe/Au/Fe sandwiches
grown on GaAs substrates only reveal weak short-period
modulations in the long-period antiferromagnetic coupling.’

The ability to observe many coupling oscillations over a
Jarge interlayer thickness range allows the coupling periods
to be measured with sufficient precision to provide a strin-
gent test of current theories of multilayer exchange coupling.
Currently, there are two quantitative predictions of Fe/Au/Fe
coupling periods available. In both theories the oscillatory
coupling periods are determined by wave vectors that are
perpendicular to the surface and span nearly parailel faces of
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the spacer layer’s bulk Fermi surface. Stiles'® used a tight-
binding fit to a local-density approximation of the Au band
structure to compute coupling periods of 2.50 and 9.36 lay-
ers. Bruno and Chappert'! used a nearly-free-electron fit to
de Haas—van Alphen and cyclotron resonance measurements
of Fermi surface extremals and predicted coupling periods of
2.51 and 8.60 layers for Au(100). Both calculations are in
good agreement with our measured Au coupling periods.of
2.48+0.05 and 8.6*=03 layers, although the Bruno and
Chappert calculation matches the long period better. The
general agreement between our measurements and these
theories further supports the hypothesis that the oscillatory
exchange coupling periods in atomically well-ordered mate-
rials are determined by Fermi surface spanning vectors.
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